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The Weldability and Grain Refinement of 
P ,z 7 -s-^ AI-2.2Li-2.7Cu 

The key to reducing hot tearing may be in the control of 
the interdendritic second phase 



BY M J, DVORNAK, R. H. FROST AND D. L OLSON 



ABSTRACT. The base weldability of the 
alloy AI-2.2Lh2.7Cu was investigated and 
compared with two common aluminum 
alloys: 2024 and 5083. The basic weld- 
ability was characterized by the suscepti- 
bility of the alloy to hot tearing as deter- 
mined by the trans-Varestraint test The 
hot tearing susceptibility was character- 
ized through plots of total crack length 
and maximum crack length versus aug- 
mented strain. These data were corre- 
lated with thermal profiles taken of the 
weld to provide additional characteriza- 
tion through the use of the brittle tem- 
perature range and critical strain rate for 
temperature drop parameters. The sec- 
ond part of the investigation explored the 
effect of grain refiner additions upon 
enhancing the weldability of the alloy. 
The grain refiners explored were titanium 
and zirconium, and their effects upon the 
weldability were determined by the 
Varestraint test. The results of the study 
showed the Ah2.2Li-2.7Cu alloy to have a 
high susceptibility to hot tearing. Addi- 
tions of titanium and zirconium were 
found to enhance weldability through 
refinement of the grain structure and 
alteration of the shape and distribution of 
the eutectic phase in the weld. 

Introduction 

The initiation of research into alumi- 
num-base alloys containing lithium began 
in the 1920's in Germany. Primary con- 
cerns dealt with the age-hardening char- 
acteristics the Gthium provided in 
strengthening aluminum. Early problems, 
however, with low ductility, fracture 
toughness, and lack of knowledge con- 
cerning the strengthening mechanisms, 
relegated the alloy to dormancy. 
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Renewed interest in the alloy system 
came about again in the 197as when 
escalating fuel cost prompted the reex- 
amination of the alloy. The renewed 
interest primarily came from the aircraft 
industry where production of fuel-effi- 
cient aircraft is commonly achieved by 
using alloys that offer low density, high 
modulus, and high-strength properties in 
an effort to reduce aircraft weight. The 
aluminurrHithium alloys have the capabili- 
ty of providing these properties and 
therefore their development has become 
essential for not only the aircraft industry, 
but also for the many industries which 
utilize aluminum alloys. 

An unfortunate consequence of the 
recent development of these alloys is 
research efforts have been mainly tai- 
lored to the needs of the aircraft industry 
where, most often, aluminum parts are 
joined by mechanical methods. As a 
result, very limited research and develop- 
ment has been performed on other 
means of joining these alloys, such as 
welding. Determination of the weldability 
of current aluminum-Othium aOoys as well 
as production of wefdable alloy variants 
is particularly necessary if their range of 
application is ever to be expanded 
beyond the aircraft industry. 

The weldability of an aluminum alloy is 
often defined by its susceptibility to hot 
tearing since this weld defect is frequent- 
ly encountered in these alloys. Hot tears 
wiO form during the welding process if 
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the alloy possesses an inherent suscepti- 
bility, and sufficient strain exists in the 
weld to cause their formation. Several 
weldability tests have been designed to 
subject welds to an external strain during 
the welding process. These tests are able 
to induce hot tear formation under con- 
ditions that allow test repeatability and 
easy quantitative analysis of hot tearing 
susceptibility. Furthermore, two such 
tests, the trans-Varestraint and the Vare- 
straint test, were utilized in this investiga- 
tion (Refs. 1-3). 

The goal of this study was to deter- 
mine the basic weldability of the alloy 
Ah2.2U-2.7Cu, and subsequently estab- 
lish the effect of grain refiner adefitions on 
the weldabifity of this alloy. A trans- 
Varestraint test was used to determine 
the basic weldability of the alloy. Two 
aluminum alloys, 5083 and 2024, were 
tested in addition to the Ah2.2Lh2.7Cu 
alloy in order to provide a comparison 
between the aluminurn-fithium alloy and 
an alloy exhibiting good weldabifity (Alloy 
5083) and one exhibiting poor weldabifity 
(Alloy 2024). Moreover, the hot tearing 
susceptibility of each aOoy was quanti- 
fied in terms of maximum crack length, 
total crack length, minimum strain for 
cracking, and two additional parameters; 
the brittle temperature range and the 
critical strain rate for temperature drop 
(Refs. 4-6). 

The second half of the study was an 
investigation of the effect of grab refiner 
additions on the weldability of the alumi- 
num-lithium alloy. Research in the past 
few years has shown that hot tearing 
susceptibility of an aluminum alloy may 
be decreased through refinement of the 
weld metal grain structure (Refs. 7-11). 
One effective method available to 
produce this refinement is through the 
addition of innoculants into the weld. The 
two most common elements used to 
promote grain refinement in aluminum 
welds are titanium and zirconium. These 
elements form intermetalfic compounds 
when combined with aluminum, and par- 
tides of these intermetalics wfll act as 
substrate for the heterogeneous nude- 
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7— Schematic 
representation 
showing how the 
solidification 
brittleness 
temperature range 
(BTR) and the critical 
strain rate for 
temperature drop 
(CS7) ofSenda, et 
al. is defined (Ref. 
4). The maximum 
. crack length is 
correlated with the 
A) weld, thermal 
profile to generate 
the lower boundary 
'of the B) BTR. The 
upper boundary 
represents the 
equilibrium liquidus 
temperature 
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ation of new grains during solidification. 
This leads to refinement of the grain 
structure and an overall enhancement in 
weld metal properties. The grain refiner 
additions were evaluated by testing spec- 
imens containing the titanium and zirconi- 
um additions with the Varestraint test. 
The analysis was performed by plotting 
total crack length versus concentration of 
each element. Macros tructural and 
microstructuraJ analyses were performed 
on all of the weldments to ascertain the 
effect of the grain refiner elements on the 
weld structure. 

This investigation has therefore sought 
to provide basic information concerning 
the weldability of one aluminum-fithium 
alloy whose composition serves as a basis 
for a commercial alloy. The determina- 
tion of basic weldability data is important 
for the establishment of a foundation 
Upon which future welding research may 
take place. 

The Welding of Aluminum Alloys 

The weldability of an alloy is depen- 
dent upon many factors, but ultimately it 
is the ability to produce weldments free 
from defects. The weldability of an alumi- 
num alloy has become synonymous with 



the alloy's susceptibility to hot tearing, 
since this weld defect is the most com- 
mon defect for the aluminum alloys and 
has been shown to be primarily depen- 
dent on material composition. In order 
for hot tears to form, the material must 
exhibit a phase or group of phases that 
possesses a limited capacity to tolerate 
strain in a critical temperature range. Hot 
tears will form if the strain imposed upon 
the weldment resulting from the combi- 
nation of internal (thermal) and external 
(restraint) stresses exceeds some maxi- 
mum endurable limit. Evaluation of weld- 
ability from the hot tearing susceptibility 
standpoint has fed to the formation of 
several weldability tests. These tests 
induce hot tear formation by instanta- 
neously subjecting the weld to a severe 
strain during the welding process. Two 
such tests, the Varestraint and trans- 
Varestraint tests, were used in this inves- 
tigation. In addition to the development 
' of the weldability test, several models 
and parameters have been formulated to 
characterize hot tearing susceptibility. 
The model developed by the Japanese 
investigators Sendai Arata and Matsuda 
(Refs. 4-6) was used as a base foundation 
upon which the characterization of weld- 
ability was performed. 



Hot Tearing Theory of Senda-Arata-Matsuda 

The Japanese investigators who con- 
tributed to this model believed most 
alloys will pass through a low-ductility 
range during or immediately after solidifi- 
cation. Hot tear formation is speculated 
to occur in this range when the thermal 
and external strains acting on the weld 
exceed some maximum endurable limit. 
This low-ductility regime has been 
labeled the "solidification brittleness tem- 
perature range" or BTR. Determination 
of the BTR is considered to be important 
to the overall analysis of hot tearing 
susceptibility. 

The weldability test chosen by these 
investigators was the trans-Varestraint 
test since it offered the most reliable 
method for determination of the BTR. 
The hot tearing susceptibility of the alloy 
tested was characterized by plotting both 
the maximum crack length (measured at 
the centerline) and the total crack length 
versus augmented strain. These charac- 
teristic curves along with the mniimum 
strain' for cracking fa™) are parameters 
available to analyze the susceptibility of 
each alloy. 

The BTR is determined by correlating 
the maximum crack length for a given 
augmented strain with the centerline 
weld thermal profile -Fig. 1. This correla- 
tion allows the temperature at the far end 
of the crack tip to be determined. The 
augmented strain versus crack-tip tem- 
perature is plotted, thereby defining the 
lower boundary of the BTR (see Fig. 1). 
The upper boundary of the BTR is 
defined as the equilibrium liquidus tem- 
perature of the alloy measured from 
slowly cooled bulk samples. The temper- 
ature difference between the upper 
boundary and the lower boundary even- 
tually becomes constant at the higher 
strain since the maximum crack length 
becomes saturated at higher strains and 
remains constant This temperature dif- 
ference is defined as the brittle tempera- 
ture range of the alloy. 

The Japanese investigators proposed a 
new index of hot tearing susceptibility 
referred to as the critical strain rate for 
temperature drop (CST). The CST is 
defined as the inclination of a straight line 
drawn from the liquidus temperature on 
the abscissa to the point of tangency on 
the lower boundary curve of the BTR. 
The CST may be easily converted to a 
critical deformation rate simply by realiz- 
ing that the temperature drop incorporat- 
ed in the CST corresponds to a time 
difference determined by the weld cool- 
ing curve. Therefore, a critical deforma- 
tion rate exists for a particular alloy and 
set of welding concfitions, above which 
hot tearing becomes possible. It is possi- 
ble to experimentally determine the value 
of this rate by using a variable deforma- 
tion rate test. 
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Table 1— list of Base Plate and Weld Metal Chemistries (wt-%) 

Alloy 

5083 
2024 
2090 
Z1 
72 
23 
Z4 
25 
26 
TI 
T2 
T3 
T4 
T5 
T6 

(a) Approximate compositions 



Si 


Fe 


Cu 


Mn 


Mg 


Cr 


Ni 


Zn 


Ti 


2r 


Ufa) 


0.10 


0.29^ 


.06 


0.41« 


3.9« 


0.07 




0.05 


0.01 






0.11 


0.35 


4.3« 


0.64« 


13« 


0.01 




0.11 


0.04 






0.04 


0.05 


2.8W 








0.01 


0.01 


0.01 


0.05 


2.1 


0J03 


0.04 


2.3« 








0.01 


0.01 


0.01 


0.08 


2.0 


0.03 


0.04 


2.2*) 








0.01 


0.01 


0.01 


0.12 


2.1 


0.03 


0.05 










0.01 


0.01 


0.01 


0.14 


1.8 


0.04 


0.04 


2J& 








0.02 


0.01 


0.01 


0.20 


2.1 


0.04 


0.05 


2.4« 








0.01 


0.01 


0.01 


0.16 


1.9 


0.03 


0.04 


2.3*> 








0.01 


0.01 


0.01 


0.14 


2.2 


0.03 


0.04 


2.3*) 








0.01 


0.01 


0.03 


0.04 


1.8 


0.03 


0.05 










0.01 


0.01 


0.04 


0.03 


2.1 


0.03 


0.04 


2.4« 








0.01 


0.01 


0.12 


0.03 


1.9 


0.03 


0.04 


2.3< a > 








0.01 


0,01 


0.10 


0.04 


2.0 


0.03 


0.05 


2.4<*> 








0.01 


0.01 


0.19 


0.03 


2.0 


0.04 


0.06 


2.6< a > 








0.01 


0.01 


0.25 


0.03 


2.1 



Experimental Outline 
and Procedure 

The experiments undertaken during 
the course of this study were designed to 
provide voidability data on the AKL2U- 
2.7Cu alloy. A trans-Varestraint test 
device was used to determine the basic 
weldability of the aluminum-lithium alloy 
and compare these results with two oth- 
er aluminum alloys, 5083 and 2024, 
which were tested under identical condi- 
tions. A conventional gas tungsten arc 
welding (CTAW) process employing 
direct current and electrode-negative 
polarity was used to make the welds 
during the investigation. The weld param- 
eters were held constant throughout the 
bivestigation and are as follows: 100 A 
welding current, 16 V welding voltage, 
0.42 cm/s (10 ia/min) travel speed, and 
helium shielding gas at a flow rate of 23 
L/min (50 ftVh). The trans-Varestraint 
test equipment used was capable of 
testing 6.35-mm (0.25-in.) thick plate 
specimens under five different augment- 
ed strains of 0.1, 0.3, 0.5, 1.0, and 2.0%. 
Test samples were prepared by lightly 
sanding the top surface followed by 
degreasing with acetone prior to testing. 
Samples containing the hot-tear region of 
the test weld were Gghtly sanded and 
polished to a 0.05-micron surface finish 
and viewed through a stereomicroscope 
under oblique lighting for optimum crack 
detection and measurement. Weld metal 
cooling profiles were obtained by placing 
a 0.25-mm chromel-alumel thermocouple 
assembly into a hole drilled from the 
underside of the plate specimen. The 
welds were made directly over the ther- 
mocouple, which was placed within 1 
mm of the top surface, and the thermal 
profile was gathered using a chart 
recorder. 

Evaluation of the effect of grain refiner 
additions on improving the weldabiHty of 
the aluminum-lithium alloy was per- 
formed using the Varestraint test due to 



the economy of test specimen size. Addi- 
tions of the titanium and zirconium grain 
refining elements were achieved by plac- 
ing alloy insert strips into slots machined 
in the base metal test specimens. The 
alloy inserts were made to have the same 
base composition of the AI-2.2U-2.7 Cu 
alloy being tested with the addition of 
either titanium or zirconium. The compo- 
sitional range investigated for the grain 
refiner additions was from 0.05 to 0.30 
wt-% in increments of 0.05 wt-%. The list 
of base plate and weld metal chemistry 
investigated are shown in Table 1. The 
inserts were welded over once prior to 
testing to ensure complete mixing of the 
insert and the base plate. The test speci- 
mens were lightly sanded and degreased 
with acetone prior to each weld 
sequence. The Varestraint test samples 
were tested under a constant 4% aug- 
mented strain and samples of the hot tear 
regions were viewed in the same manner 
as samples for the trans-Varestraint test. 
Metallography samples for evaluation of 
the weld metal structure were prepared 
and etched using a solution having 60 
parts HQ, 40 parts HF, and 360 parts 
water (by volume). 

Experimental Results 
and Discussion 

Relative Weldabifity of AI-2Ja>2^Cu 

The trans-Varestraint test used in this 
investigation provided a range of data 
useful for characterizing susceptibility to 
hot tearing. The hot tears generated by 
this test are predominately htergranuJar 
and extend over several grains as shown 
in Fig. 2. The cracks usually form dose to 
the centerline for small appBed strains, 
while for larger strains, additional tears 
are observed to radiate out toward the 
edge of the weld. 

The hot tearing generated in the test 
specimens may be quantified by plotting 
the total length of the hot tears versus the 



applied strain— Fig. 3. The relative posi- 
tion of the curves for the AI-2.2Li-2.7Cu, 
2024 and 5083 alloys shows the alumi- 
num-lithium alloy to have a much higher 
susceptibility for the formation of hot 
tears than either of the two other alumi- 
num alloys tested under the same condi- 
tions. The other important parameter 
revealed in this plot is the minimum strain 
required for the initiation of hot tear 
formation (€n«n)- The €min range was 
< 0.1% for the AI-2.2U-2.7Cu alloy, 0.1- 
0.3% for the 2024, and 0.3-0.5% for the 
5083. These data reveal that the forma- 
tion of hot tears wfll occur very readily 
and without much strain in this particular 
aluminum-lithium alloy. 

The brittle temperature range (BTR) 
and the critical strain rate for temperature 
drop {CSX) parameters were determined 
by correlating maximum crack length 
data (Fig. 4) provided by the trans-Vare- 
straint test with the individual weld ther- 
mal profiles for each alloy. Figure 5 plots 
augmented strain versus temperature 
with the BTR shown for each alloy. The 
upper boundary of the BTR for each alloy 
is shown to be the same, since the 
cooling curves for the bulk samples 
showed approximately the same liquidus 
temperature for all three alloys. Figure 5 
shows the Al-2.2lJ-2.7Cu alloy to have a 
brittle temperature range that lies 
between the 5083 and 2024 alloys. This 
may be partially explained by looking at 
the solidification range for each binary 
alloy. The aluminum-magnesium system 
has the smallest solidification range, fol- 
lowed by the aluminum-lithium and alu- 
minum-copper binary systems. There- 
fore, it should be expected for the order 
of the BTR to be as observed. The BTR 
range, or even the relative positions of 
the lower boundaries, however, cannot 
be solely predicted from the solidification 
range, since the lower boundary of the 
BTR is often below the equilibrium solidus 
temperature. The position of the lower 
boundary curve may result from the non- 
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Fjg. 2 - Top view of the trans-Varestraint test coupons for: A -5083 alloy; B)-Ah23Lh2JCu alloy tested with a 2% augmented strain 



equilibrium conditions that exist In the weld 
or the amount and distribution of eutectic 
phases present- The Japanese investi- 
gators have shown the BTR to increase 
with increasing alloy additions, and the 
lower, boundary of the BTR will approach 
the eutectic temperature for the alloy with 
increasingamountsofthephasepresentin 
the weld (Ref . 5). Since this parameter is still 
relatively new, aQ of the factors which 
ultimately determine the BTR are still not 
known. The BTR only has secondary 
importance in assigning order of hot tear- 
ing susceptibility, since the alloy with the 



larger BTR will notalwaysexhibit the higher 
hot tearing susceptibility. 

The last parameter available for the 
characterization of weldability is the CST. 
The CST parameter takes into account 
both the cnfa and the BTR, which is useful 
since this may be converted to a critical 
deformation rate under a given set of 
welding conditions. The larger the CST 
value, the harder it will be for hot tears to 
form in the weld. The CST, ^ and BTR 
values are fisted in Table 2 for each alloy. 
The CST value also shows the aluminum- 
lithium alloy as being the most susceptible 



to hot tear formation of the three alloys 
tested. 

The data gathered from the trans- 
Varestraint test were analyzed and 
reviewed to determine which parameters 
were the most reliable for assigning order 
of hot tearing susceptibility. The plot of 
total crack length versus strain, the 
parameters of and the CST were 
considered to have primary importance, 
with secondary importance being on the 
BTR for assigning hot tearing susceptibili- 
ty. With the review of the parameters 
used to describe susceptibility to hot 
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Fig. J— Comparison of the total crack length generated at various 
applied strains for the Al-23LhZ7Cu, 2024 and 5083 alloys tested in the 
trans-Varestraint test 
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Table 2— Comparison of the Values for Che 
BTR, and CST Parameters 



Alloy 

ARi 
2024 
5083 



(%) 

0.0-0.1 
0.1-0.3 
0.3-0.5 



BTR 
<°Q 

73 
80 
68 



CST 
(1/°Q 

13 x icr 5 

47 X 10- 5 
84X10" 5 



tearing completed, the final analysis of 
the relative weldability of the alloy 
AJ-2.2Li-2.7Cu concludes that the alloy 
has an extremely high inherent suscepti- 
bility for the formation of hot tears. 

Effect of Gram Refiners on Wettability 

The first part of the investigation deter- 
mined the relative weldabflity of the 
AI-2.2Li-2.7Cu alby and subsequently 
showed the alloy to have a high suscep- 
tibility 'to hot tearing. The second part of 
the study therefore focused on improv- 
ing the weldabflity of the alloy through 
refinement of the weld metal grain struc- 
ture. The results of the test are shown in 
Figs. 6 and 7. In addition to these samples, 
the base metal specimens containing no 
additions were tested and the results on 
these specimens revealed an average 
total crack length of 25 mm (1 in.). 

The weldability was found to be great- 
ly enhanced with both additions of titani- 
um and zirconium and a marked 
enhancement was observed to occur 
even at very-low concentrations. Com- 
parison of the two elements shows the 




650 625 600 

Temperature ( * 

zirconium improves weldability more 
than the titanium for concentrations less 
than 0.30 wt-%. The zirconium has an 
additional advantage over the titanium 
since the base commercial aluminum- 
lithium alloys contain zirconium as a dis- 
persoid-forming element for controlling 
gram size during recrystalfization. The 
zirconium addition is therefore recom- 
mended as the grain refiner addition to 
be used with 'the aluminum-lithium alloys, 
since it is already included in the commer- 
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Fig. 5— Ptot of strain 
versus temperature 
showing the BTR for 
the AhZ2Lh2.7Cu, 
2024 and 5083 
alloys 



cial alloys and only small additional 
amounts would have to be added to 
boost this amount in order to achieve the 
desired wettability. Titanium additions 
are not recommended since it has been 
shown by others that combinations of 
titanium and zirconium produce less 
refinement and enhancement of weld- 
abflity as compared to additions contain- 
ing only one element (Refs. 7, 8). This is 
believed to occur due to the formation of 
a less effective heterogeneous nuclei 
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Fig. 8— Longitudinal cross-section showing the 
weld metal grain structure for the Ah2.2Li- 
Z7Cu alloy welds containing: A— 0.0 wt-%; 
B—0.10 wt-%; C-0.20 wt-% titanium 



when the two elements are combined. 
The critical amount of zirconium cannot 
be recommended since the weldability 
still had room for improvement with 
additions greater than 0.30 wt-%, and 
specimens for determination of mechani- 
cal properties could not be machined 
from the small weldments. It is recom- 
mended, however, that the strength and 
ductility of weldments containing the var- 
ious additions be analyzed in order to 
determine the optimum amount of grain 
refiner addition that provides a combina- 
tion of adequate weldability and suffi- 
cient ductility in the weld. 

Weld Metal Macrostructure 

The weld metal grain structure for the 
aluminum-lithium alloy is compared with 
the structure observed for the welds 
containing titanium and zirconium in Figs. 
8 and 9. In the absence of any grain 
refiner adcfitions, the base alloy exhibits a 
very refined structure with the grains 
bordering upon being equiaxed. The 




Fig. 9— longitudinal cross-section showing the 
weld metal grain structure for the AI-2.2U- 
2J7Cu alloy welds containing: A— 0.0 wt-%; 
B—0.10 wt-%; C-0.20 wt-% zirconium. 



intrinsic grain refinement was also report- 
ed to occur in the AHJ binary alloys (Refs. 
12, 13). Low concentrations of grain 
refiners added to the weld show no 
significant increase in refinement of the 
weld structure. The higher concentra- 
tions of the additions do show refine- 
ment of the structure, and eventually the 
individual grains become fine enough that 
they cannot be resolved. 

The general trend observed in the 
macrostructure can be quantified by plot- 
ting the mean grain width measured at 
the center of the weld longitudinal cross- 
section versus the amount of titanium or 
zirconium. Figure 10 shows that for the 
low amounts of additions of titanium and 
zirconium there is not significant refine- 
ment of the structure. Refinement of the 
weld metal grain structure does occur, 
though, at the higher concentrations of 
the grain refiner additions. These data 
confirm the observation made by several 
previous investigations that a decrease in 
weld metal grain size will decrease an 
alloy's susceptibility to hot tearing (Refs. 



9, 11, 23). The data taken also show the 
zirconium addition to be more effective 
in refining the weld metal grain structure. 
This may also serve to explain why the 
zirconium addition was also found to 
enhance the weldability more than the 
titanium additions. The smaller grain size 
found in the zirconium-containing welds 
would allow for the strain in the weld to 
be distributed among more grains and 
across their boundaries, thereby giving 
the greater improvement in weldability 
over the titanium additions until higher 
concentrations are reached that have the 
grain size approximately the same. There- 
fore, the observed grain refinement pro- 
vides an increase in weldabffity and also 
shows why there is an observed differ- 
ence in the weldability between the zir- 
conium and titanium additions for the 
intermediate concentrations. 



Origin of Heterogeneous Nuclei 

During the past few years, there have 
been several disputed theories concern- 
ing the origin and formation of the parti- 
des of the intermetallic compounds (TiAI 3 
and 2rAI 3 ) used to provide heteroge- 
neous nudei for the refinement of the 
weld metal grain structure in aluminum 
alloys. The following investigation was 
undertaken in an effort to provide data 
or evidence to support one of the theo- 
ries concerning the origin of these heter- 
ogeneous nuclei 

Following the work of Kou and Le (Ref . 
14), several of the doped welds were 
rewelded such that the secondary passes 
were contained within a slightly larger 
first pass. These investigators proposed 
this method to determine the origin of 
the heterogeneous nuclei responsible for 
the refinement of the weld metal. Kou 
and Le believe the origin of the nudei to 
be carried over from the master alloy 
ingots, whereas Yunjia, et at. (Ref. 11) 
surmises that the particles are formed in 
the weld itself due to constitutional 
supercooling, allowing for the homoge- 
neous nudeation of the partides. It is 
thought that the particles provided by the 
additions of titanium and zirconium could 
be resolutionized if multiple welds were 
made over the same weld bead. If the 
particles are carried in from the master 
alloy and can be resolutionized, then a 
decrease in refinement should be 
observed when compared to a single 
pass weld containing the additions. On 
the other hand, if no decrease in grain 
refinement is observed, homogeneous 
nudeation of the partide may be taking 
place as a result of constitutional super- 
cooling or some other mechanism is 
responsible for the refinement (i.e., den- 
drite fragmentation or disrupted solidifi- 
cation). The results of this multiple-pass 
wdd test are shown in Fig. 11. 

The longitudinal cross-sections of the 
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welds show, for the low concentration 
titanium weld, that upon the second pass 
the grain structure was converted from a 
refined structure shown in the single-pass 
weld to a structure consisting of large 
epitaxial grains that grow across the 
deposit with only a few new grains being 
formed. This behavior^ was only 
observed to occur for very low concen- 
trations of titanium and zirconium and did 
not occur in the multipass weids made 
upon the base alloy. This change in grain 
structure shows that the heterogeneous 
nuclei were not present in the second 
weld. The multiple-pass welds are 
believed to sofutionize the partides and 
subsequently the high* cooling rate during 
solidification of the weld metal sup- 
presses the partides from reforming. The 
results of this test support the theory that 
the TiAl 3 and ZrAb particles are carried in 
from the master alloy ingots. This behav- 
ior probably does not occur at the higher 
concentrations of grain refiners since the 
kinetics of dissolution will be much slow- 
er as the concentration of the titanium or 
zirconium is ricreased. Further support 
for the origin of the nudei may be seen in 
an investigation performed by H. W. 
Kerr, et al. concerning the equifibrium 
and nonequilibrium peritectic transforma- 
tions in the aluminum-titanium alloy sys- 
tem (Ref. 15). 

The results obtained are very signifi- 
cant since they point out that the hetero- 
geneous nuclei must exist prior to being 
added to the weld because the solidifica- 
tion conditions found in the weld wiB not 
allow for their formation. The importance 
of this from an engineering standpoint is 
that the ingots used to make weld wire or 
the alloy inserts must be cooled slow 
enough to allow for the formation of 
beta-phase partides. In addition to the 
importance of the processing procedure, 
the amount of the grain refiner added to 
the weld becomes a significant variable 
since the dissolution kinetics will be 




0.05 0.10 0.15 0.20 0.25 
Solute Content (w/o) 



0.30 
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mean grain width 
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center of the weld 
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zirconium in the 
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directly affected by the amount of the 
titanium or zirconium in the weld. The 
conclusion being that a weld should con- 
tain a larger amount of the grain refiner 
than needed in order to offset the 
encountered dissolution of some of the 
partides during the welding process. 

Microstructural Characterization of 
Weld Metal 

Weld metal microstructures represen- 
tative of the aluminum-lithium base alloy 
and the welds containing the grain refiner 
adoptions are shown in Fig. 12. The micro- 
structure of the welds consists of primary 
dendrites with an interdendritic second 
phase. The welds differ in the distribution 
and shape of the second phase. 



The microstructure for the base alumi- 
num-lithium alloy weld shows the second 
phase to be elongated and distributed in 
a fairly semicontinuous fashion around 
the primary dendrites. As soon as small 
amounts of titanium or zirconium are 
added to the weld, the morphology of 
the second phase changes. The photomi- 
crograph of the weld containing 0.10 
wt-% titanium reveals the second phase 
has become more spherical in shape and 
most of the semicontinuous network has 
been broken up. The semicontinuous 
distribution is not found in welds contain- 
ing higher additions of the grain refiner 
elements. 

The microstructural observations made 
above may explain why the AI-2.2U- 
2-7Cu alloy exhibits a high susceptibility 




Fig. 11 -Comparison of the weld metal grain structure for A -A single-pass weld; B-a two-pass weld made on a Ah2.2Lh2.7Cu alloy specimen 
containing Q. 10 wt-% titanium 
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Vig. 12 -Weld metal microstructure for the 
*J-22U-2.7Gu alloy welds containing: A — 0.0 
wt-%; B—0-10 wt-%; C-0.20 wt-% titanium 
'section taken normal to growth direction) 



io hot tearing in spite of having an 
hherent refined weld grain structure. 
Since hot tearing involves the separation 
Df liquid films, the observed semicontfo- 
jous network of low melting point sec- 
Dnd phase should be very detrimental to 
he weldabflity of the alloy in spite of the 
efined grain structure. This distribution 
the second phase may be the controh 
ing factor in this alloy for determining hot 
earing susceptibility. If this is the case, 
hen improvement of weldability would 
depend upon either changing the shape 
md distribution of the second phase or 
providing sufficient grain boundary area 
o spread the second phase such that it is 
10 longer continuous. The grain refiner 
idcfitions were seen to improve the 
veldabifity of the alloy even at low con- 
renditions where the decrease in grain 
ize was not very significant. The 
>bserved enhancement of weldabflity is 
herefore thought to have come about 
lartially as a result of the change in the 
hape and distribution of the second 
»hase as seen in the microstructure of the 



welds containing the additions. The 
increase in grain boundary area for the 
higher concentration of grain refiner ele- 
ments may also help to break up the 
network. 

Conclusions 

1) The Ah2.2li-2.7Cu alloy was found 
to be the least weldable followed by the 
2024, with Alloy 5083 being the most 
weldable. In the absence of the zirconi- 
um addition usually contained in the alu- 
minum-fithium alloys, the AI-2.2Li-2.7Cu 
alloy showed a significantly high suscepti- 
bility to hot tearing in spite of the refined 
weld metal grain structure inherent in the 
base alloy welds. The high susceptibility 
to hot tearing may arise from the shape 
and distribution of the eutectic phase in 
the weld. 

2) The additions of titanium and zirco- 
nium were found to enhance the weld- 
ability of the AI-2.2U-2.7Cu alloy. The 
zirconium addition was found to increase 
the weldability more than the titanium 
addition up to 0.30 wt-%. Zirconium is 
the recommended grain refiner addition 
for the alloy since the base aluminum- 
lithium alloys contain zirconium as a dis- 
persoid-forming element for controlling 
grain size. A specific concentration of 
zirconium, however, cannot be recom- 
mended here since the weldabflity and 
grain refinement data did not reach an 
optimum within the concentrations 
explored. 

3) The base AI-2.2U-2.7Cu alloy weld- 
ments were found to have a refined grain 
structure with the grains bordering upon 
being equiaxed. The intrinsic refinement 
is thought to occur as a result of the 
homogeneous nudeation of new grains 
resulting from supercooling ahead of the 
solicHiquid interface. The supercooling is 
thought to be present as a result of the 
cellular solidification mode exhibited by 
the alloy (Ref. 12). 

4) The additions of titanium and zirco- 
nium refined the weld metal grain struc- 
ture of the base Al-2.2U-2.7Cu alloy. The 
zirconium addition decreased the weld 
metal grain size more than the titanium 
addition for intermediate concentrations, 
but at higher levels, the two additions 
showed approximately the same amount 
of refinement. The additions of titanium 
and zirconium are also thought to change 
the shape and distribution of the eutectic 
phase, thereby improving weldabiity 
even at low concentrations where grain 
refinement was negligible. 

5) The multiple pass weld test 
revealed the origin of the heterogeneous 
nudei to be from the master alloy used to 
make the grain refiner additions. The 
f ormation of the parades of TiAl 3 or ZrAI 3 
during solidification or the reprecipitation 
of these particles is unlikely due to the 
high cooling rates experienced in the 



weld. The significance of these results is 
that the particles must exist prior to being 
placed in the weld and a high concentra- 
tion of the partides is needed since a 
certain amount wiD be resolutionized dur- 
ing the welding process. 
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